We describe a physical mechanism for creating multisoliton bound states by which optical solitons are glued together by attraction between the nonsoliton beams that they guide, solitonic gluons. We verify the concept of the solitonic gluons experimentally, observing a suppression of the repulsion between dark solitons owing to an attractive force acting between out-of-phase bright guided beams. © 1999 Optical Society of America OCIS codes: 230.1360, 220.0220, 230.0230. It is well known that the coherent interaction of two optical bright solitons described by the nonlinear Schrödinger equation depends on their relative phase, so solitons with opposite phases repel each other, whereas in-phase solitons attract each other.
It is well known that the coherent interaction of two optical bright solitons described by the nonlinear Schrödinger equation depends on their relative phase, so solitons with opposite phases repel each other, whereas in-phase solitons attract each other. 1 The interaction of dark solitons is always repulsive. 2 If a nonlinear medium supports propagation of two (or more) coupled waves of different frequencies or polarizations, vector solitons can emerge. Bright vector solitons can be composed by two sechlike components 3 or have constituents of a different shape. 4 Furthermore, vector solitons formed of two dark components 2 or a bright and a dark component 5 have been suggested. Finally, it has been shown that mutual incoherence can be employed to generate vector solitons 6 and multimode, multihump optical solitons. 7 Interaction between vector (or multicomponent) solitons is not well understood; nevertheless, simple physical arguments suggest that it should be different from the interaction between scalar (or one-component) solitons. 8 For example, let us consider interaction of two vector solitons consisting of dark and bright components in a defocusing optical medium (see Fig. 1 ). Two dark solitons repel each other, and, as a result, they are not able to form a stationary (or bound) state [ Fig. 1(b) ]. However, if we introduce a nonsoliton bright component guided by each of the dark solitons, their attractive interaction may create a balance of forces, resulting in a stationary bound state of two vector solitons propagating in parallel [see Fig. 1(c) ].
This mechanism for formation of the soliton bound states makes it tempting to draw an analogy between the interaction of multicomponent solitons and the fundamental theory of quarks and gluons -quantum chromodynamics. As is well known, 9 gluons mediate the strong force and are responsible for binding the quarks into mesons and baryons. Unless they are involved in the formation of quark bound states, gluons do not exist as separate particles. We believe that it would be plausible to refer to the nonsoliton bright components guided by dark solitons as solitonic gluons. Because of the defocusing nature of nonlinearity, they cannot live as separate bright solitons; i.e., they diffract when they are separated from the dark beams. On the other hand, they glue the dark solitons together to form a stationary state that otherwise would not exist. 10 To demonstrate this general concept on a particular physical model, we consider the incoherent interaction of two linearly polarized beams in a photorefractive medium described by the coupled nonlinear Schrödinger equations for the normalized envelopes U and W (see, e.g., Ref. 6 where s characterizes nonlinearity saturation, l is the soliton parameter, and s defines the type of nonlinearity, namely, defocusing ͑s 11͒ or focusing ͑s 21͒. For s 11, we look for stationary, z-independent solutions of system (1) in the form of dark-bright composite solitons, where u͑x͒ has nonvanishing asymptotics but w͑x͒ vanishes for jxj !`. As long as the w component is small, we can treat the dark component as an effective waveguide that guides the spatially localized mode w͑x͒. Such single vector dark-bright solitons in photorefractive media have been found theoretically 6 and experimentally. 12 A complete analysis of the families of single dark-bright solitons in the existence domain 0 , ͕s, l͖ , 1 was presented in Ref. 11. Here we analyze, theoretically and experimentally, the interaction between vector dark-bright solitons and demonstrate a physical mechanism for creating bound states of vector solitons.
The interaction between two weakly overlapping dark -bright solitons can be described by the effective interaction energy as a function of the soliton separa-
where the first and the second terms stand for the interaction between dark and bright soliton components, respectively. The bright components of equal amplitude a have a relative phase f. For small s, the effective interaction energies are found analytically 11 :
the bright components are out of phase ͑f p͒, an attractive force acting between them can balance (or even overbalance) the repulsion between the dark solitons, thus creating a stationary state. Our simulations suggest that these bound states are stable to propagation [see Fig. 1(c) ]. However, large-amplitude perturbations of the initial exact stationary state break the balance of forces, making the two dark solitons collide or move away from each other.
To provide background simulations for the experiments presented below, we investigate the propagation dynamics, governed by Eqs. (1), of a nonsoliton input in the shape of a boxlike notch upon a cw background (Fig. 2) . First, the boxlike input is launched without a bright component. It generates a pair of scalar dark solitons moving away from each other [ Fig. 2(a) ] because of their mutual repulsion, which creates a dark-soliton Y junction previously generated in experiments. 13 The dynamics of the dark pair is drastically modif ied by introduction of an additional bright beam. Figure 2 (b) presents propagation of the dark beam as in Fig. 2(a) with the antisymmetric w component chosen to mimic a solitonic gluon that is binding two closely separated dark solitons. As shown in Fig. 2(b) , the attraction between out-of-phase bright guided beams compensates for the repulsion between dark solitons, so two dark-bright solitons propagate almost in parallel.
Next, we demonstrate the effect of solitonic gluons on the interaction of dark solitons in a photorefractive medium experimentally. A description of the setup, which was previously used for generating single darkbright solitons, can be found in Ref. 12 . A cw argonion laser beam (488 nm) is collimated and split by a polarizing beam splitter. The ordinary polarized beam is used as uniform background illumination to mimic the dark irradiance, and the extraordinary polarized beam is split into two beams. One of these two beams is used to generate a dark notch by being ref lected from the mirror crossed by a 20-mm-wide gold wire. 13 The dark notch is 28 mm wide (FWHM) after it is imaged onto the input face of a 11.7-mm-long SBN:61 crystal, with the background beam covering the entire input face. One half of the other beam goes through a tilted thin glass that introduces a p phase jump at the beam's center, thereby creating a field prof ile that resembles closely separated out-of-phase beams [the bright component; Fig. 3(a) ]. The two bright beams have a 21-mm peak-to-peak spacing when they overlap the dark notch at the crystal input face. We make the dark and bright input beams mutually incoherent by having their optical path difference greatly exceed the coherence length of the laser. The ratio between the peak intensities of the bright and the dark components is ϳ0.95.
Typical experimental results are presented in Fig. 3 . Without a dc field, i.e., in a linear propagation regime, both beams merely diffract, as shown in Fig. 3(b) . When we launch only a dark-notch-bearing beam in the presence of a dc field of 0.56 kV͞cm in the x direction (kc axis), it generates a Y junction created by a pair of repelling dark solitons, as shown in Fig. 3(d) (top) . With the dc field applied, the uncoupled bright beam Repulsion of a pair of dark solitons generated by the input notch is suppressed dramatically when we simultaneously launch a bright beam with a p phase jump in the middle (as described above). Figure 3(c) shows two dark solitons coupled with the out-of-phase bright components. Because of the effective attraction of the bright beams, the output distance between the dark solitons is subsequently reduced by 10 mm compared with that in Fig. 3(d) . In addition, we have verif ied that, when the bright beams are in phase, the repulsion between the dark solitons is enhanced. These experiments, together with the corresponding numerical simulations, provide what is to our knowledge the first demonstration of the specif ic features of interaction between multicomponent (vector) spatial solitons.
The concept of solitonic gluons can be extended to describe multisolton bound states composed of various types of vector soliton. For example, bright solitons of Eqs. (1) are possible for a self-focusing nonlinearity, s 21. Fig. 4(d) ].
In conclusion, we have suggested and substantiated the concept of solitonic gluons featuring a balance of attractive and repulsive forces acting between different components of vector solitons as a mechanism responsible for the formation of multisoliton stationary states.
